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ABSTRACT

In this work, magnetic copper ferrite nanoparticles are synthesized by polymer-assisted sol-gel
and co-precipitation methods. The obtained purity and particle size reach values of 96 % and 94
nm, respectively. Evident differences in the crystal structure have been found in the synthesized
nanoparticles. A tetragonal structure is formed by the sol-gel method, while the cubic form is
obtained when the co-precipitation approach is used. This work provides an experimental
evidence of the formation of both phases by using the same reactants and thermal conditions, and
only modifying the technical procedure. The formation and stability of each phase is analysed by
temperature dependent measurements, and the observed crystal structure differences are used to
propose a potential fundamental explanation to our observations based on a difference on the
cations’ distribution and the Jahn-Teller distortion. Moreover, different copper ferrite purity and
particle sizes are found when using each of the methods. The spherical shape of the particles and
their tendency to sinter forming micrometric clusters are observed by electron microscopy.
Finally, the divergence in magnetization between the samples prepared by each method support
our argument about the different cations’ distribution and open the door to a wide range of
different technological applications for these materials.
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1. INTRODUCTION

Spinel ferrites are a family of ceramic materials with interesting magnetic properties. In addition,
the immense capacity to modify ferrites’ properties opens the possibility to design materials with
novel functionalities. The chemical composition and the crystal structure are the two main aspects
that define their characteristics, which can be controlled by an appropriate synthesis and
processing route ',

These materials can be applied in a wide range of technological applications, such as biomedicine
>4, electronics ™® or energy storage '. They are increasingly gaining attention for high frequency
microwaves applications ''"'*; their large electrical resistivity makes them unique materials due

to the reduced eddy current losses that they experience at elevated frequencies.

The spinel structure is chemically represented by the formula AB,O4. Here, oxygen (O) atoms
form a face-centred cubic (FCC) unit cell, meanwhile 4 are divalent cations occupying tetrahedral
lattice sites (St), and B represent trivalent cations placed on octahedral sites (So). In the case of
spinel ferrites, B atoms correspond to Fe'* cations, leading to the general and well-known
formulation MFe,O4, where M is the divalent cation, usually a transition metal (such as Fe*", Co*",



43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66
67
68
69
70
71
72
73
74
75

76
77
78
79
80
81

82
83
84
85
86
87
88

Mn*, Ni**, Zn** or Cu?"). Depending on the specific cation introduced in the structure, and the
subsequent energy of the system, the distribution of the cations can lead to what is known as
inverse spinel. An inverse spinel follows the scheme A;.«Bx(AxB2.x)O4, where x is the inversion
parameter. In a fully inverted spinel (x = 1) all 4 atoms are placed in Sp as well as half of B
cations; the other half occupy St. In case of inverse ferrite spinel, the divalent cation is now
located in So, meanwhile Fe** cations are equally distributed between So and St. Copper ferrite
(CuFe,0y) is known to be a fully inverted spinel, but as the Cu?" activation energy is very small
when changing its position, the value of x depends on the specific preparation and cooling rate "°.
Moreover, despite the theoretical spinel consists on a cubic structure, CuFe;O4 can be present in
two different structures: (i) tetragonal (space group 141/amd) which is stable at low temperatures,
and (ii) cubic (space group Fd3m) which appears above 700K (427°C). The formation of the
tetragonal phase is attributed to the Jahn-Teller effect '®!”, which arises from the distortion of one
of the axis of the octahedrons (leading to a crystal symmetry reduction) '’'? caused by the Cu®"
(3d°) ions migrations to the St '®'®%° For d* and d’ transition-metal ions, a spontaneous
degeneration of the orbits of the neighbouring atoms - leading to a distortion from the regular
octahedron - may decrease the electrostatic repulsion and thus increase the stabilization energy
1821 A Cu?* occupancy factor of 0.25 at the S is a critical value to originate the crystal distortion
22 Nevertheless, it has been proved that both structures can coexist in a temperature range of
approximately 40 K ', The distortion parameter (/) in an ideal tetragonal CuFe;Os is ~1.06,
but it is closely related to the inversion parameter. There is not a clear criterion in literature
regarding a possible change in the spinel inversion parameter during the transition. Experimental

data suggests that it depends on the synthesis method, as well as the annealing and cooling rates
1524

There are many different techniques and approaches which have been already used to synthesize
ferrites. The oldest and simplest approach is the ceramic method, where the oxide precursors are
stoichiometrically mixed and heated up to activate the chemical reaction. The major drawback of
this method is the elevated needed temperature (usually above 1000 °C). Apart from the energy
consumption problem, there is an important particle growth that limits the production of
nanoparticles. Moreover, due to the difficulty to reach a homogeneous mixture of the precursors,
the chemical composition of the product is not ideal. If the goal is to produce high-purity
nanoparticles, wet chemical methods is an interesting group of processes with many different
approaches. Some of these approaches are thermal decomposition 2°, hydrothermal *'°,
solvothermal *®, co-precipitation 2%, or sol-gel >'**° for instance.

In this work, copper ferrite (CuFe,O4) nanoparticles are prepared by two different wet chemical
methods: polymer-assisted sol-gel and co-precipitation. Both methods are accurately described,
and the obtained particles are characterized from a structural and magnetic point of view. The
structural difference in the obtained product is discussed, and their formation is analysed by means
of temperature dependent measurements. The main advantages and drawbacks of both processes
are also reviewed.
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2. EXPERIMENTAL

2.1. Materials

The metal salt precursors used for both approaches have been iron nitrate (Fe(NOs);-9H,O,
Labkem), and copper nitrate (Cu(NOs),-3H»0, Labkem). The gelling agent used in the sol-gel
method is polyvinylpyrrolidone (PVP, Sigma-Aldrich). In the co-precipitation sodium hydroxide
(NaOH, VWR Chemicals) has been used as a basic solution.

2.2. Synthesis

The polymer-assisted sol-gel synthesis of CuFe,Oy4 starts with the dissolution of a specific amount
of PVP (ratio 1:1 between the CuFe,O4 and PVP mass) in distilled water by stirring during 2 hours
at room temperature. Then, stoichiometric amounts of Fe(NO3);-9H,O and Cu(NO3), 3H,0 are
added to the solution and stirred for 3 additional hours. After this time, the solution is heated at
80 °C in a furnace for 24 hours. In this step, the PVP polymerizes and the gel - containing a
uniform mixture of metal ions - is formed. In order to eliminate the organic gel and get the oxide
material, it is heated at 250 °C until burning. The obtained product is grounded to powder before
performing a final thermal treatment for 1 hour to promote the reaction and to form the ferrite.
The specific temperatures used in this work are 800 °C and 900 °C.

In the co-precipitation preparation of CuFe;O4, the precursor salts (Fe(NOs);-9H,O and
Cu(NOs),-3H,0) are dissolved in distilled water by stirring for 1 hour. A 1.5 M solution of NaOH
is added dropwise until pH reaches a value of 10 and the precipitation starts. The solution is then
heated up to 80 °C and stirred for 1 additional hour, before cooling it down to room temperature.
In order to remove the remaining ions (such as Na" or NO3), the product is washed four times
with ethanol and water, decanting the supernatant liquid after centrifugation at 3000 rpm for 10
minutes in each cycle. The obtained product is then dried at 80 °C for 24 hours. A final thermal
treatment at 800 °C and 900 °C for 1 hour is also done to form the ferrite.

The used metal salt precursors and the thermal treatment conditions have been set to the same
values in both methods in order to limit their differences to the specific technical procedure, and
hence allow a more rigorous comparison.

2.3. Characterization

X — Ray Diffraction (XRD) measurements have been done with a PANalytical X Pert PRO MPD
6/0 Bragg-Brentano powder diffractometer of 240 millimetres of radius using Cu K, radiation (A
= 1.5418 A). The temperature dependent XRD measurements have been done from 28°C up to
950 °C, and cooled from 950°C to 28°C at a constant rate of 60 °C per minute. Measurements
have been performed in a High Temperature Chamber Anton Paar HTKI1200N every 50 °C, in
air (oxidant) conditions. The organic content at the end of each synthesis has been checked by
Fourier transformed Infrared Spectroscopy (FT-IR) using a Spectrum Two™ from Perkin Elmer
supported by Dynascan™ interferometer and OpticsGuard™ Technology. The results — which
are not shown for practical purposes - confirmed that none of the samples contained organic
species after annealing. Particle size distributions have been measured by Laser Diffraction (LD)
ina LS™ [3 320MW from Beckman Coulter device. Scanner Electron Microscopy (SEM) images
have been taken in a Field Emission SEM JEDL J-7100. Magnetic properties have been measured
in a SQUID magnetometer Quantum Design MPMS XL.
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3. RESULTS AND DISCUSSION

In this work, four combinations of samples have been synthesized: 2 by sol-gel method (denoted
with the prefix “SG” in the following plots and discussion), and 2 by co-precipitation (named as
“CP”). In both cases one sample has been heated at 800 °C and the other at 900 °C, for 1 hour.
Furthermore, three replicates have been done for each of the four combinations.

After completing the synthesis, the powder samples have been analysed by XRD. The comparison
of the four obtained patterns is shown in Figure 1.
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Figure 1. XRD patterns of the four samples. The patterns have been progressively displaced in order to facilitate their
comparison. Furthermore, the Intensity (a.u.) values have been divided by a factor of 200 in order to avoid large and
unmanageable quantities in the vertical axis due to the displacement. The different markers represent the main peaks
of each of the four phases identified, and the values between brackets correspond to the (hkl) plane notation of each of
the reflections.

Despite the low magnification in this image, it is possible to differentiate two types of traces
which are characteristic for each synthesis method. Some differences are the existence of doublets
around 30° and 35° in the case of sol-gel samples, meanwhile those prepared by co-precipitation
show a single peak in this position, for instance. There are other clear differences at higher angles.

The analysis of these patterns reveals an important fact: the predominant phase in all samples is
CuFe,0y4, but it has a tetragonal structure (space group 14;/amd) in sol-gel samples, whereas it is
configured in a cubic structure (space group Fd-3m) when co-precipitation synthesis is used. All
samples contain traces of monoclinic CuO, but it is more intense in the co-precipitation ones.
Rhombohedral Fe,Os; is only detected in sample SGI.

For a clearer qualitative analysis of the presence of each phase, some specific peaks are zoomed
in Figure 2.



158

159
160
161

162
163
164
165
166
167
168
169
170
171

172
173
174
175

— (SG1) 60min @ 800°C (CP1) 60min @ 800°C

- = (5G2) 60min @ 900°C «+++ (CP2) 60min @ 900°C
2500 (220) (311)
~ 20004 (A) X CuFe0; peaks | 800071 (B) : CuFe;0, peaks
3 : 3 i b
< 1500 i g 6000 t
= (112) = | % 2 P
2 1000 - - AR 9 4000 Y @
g \ (200) g aozy 14
= 500 -I-t""'ff e ."...-,‘.,.,,....- B 2000-N (2223{202)
0 T T T T 0 — I‘ — l'- — T
29.5 30.0 30.5 31.0 34.0 35.0 36.0 37.0
20 (degrees) 20 (degrees)
600 1500
3 3 .
3 500 A _@‘_ .
> > 1000 4
= e . o = . .
w0 3 . ¥ 0 H .
c e w s . 1% c 7504 I .
@ 400 4 =5 AL B ] { .
€ W% A RWM 'M €
* - \ 1 2, *e
0 AL v'y \f 500 .‘g/ Sy
300 T T T T T T T T T T
32.5 32.8 33.0 33.2 335 33.8 34.0 38.0 38.2 385 388 39.0 39.2 395
20 (degrees) 20 (degrees)

Figure 2. Zoomed regions of the XRD patterns. (A) and (B) contain different tetragonal and cubic CuFe204 peaks, (C)
contains the (104) Fe2Os peak, and (D) the (111) CuO peak. Vertical continuous lines represent the 20 positions where
cubic CuFe20s peaks are expected, meanwhile dashed lines represent the tetragonal CuFe2Os positions.

Figure 2.A and Figure 2.B represent 20 regions where tetragonal and cubic CuFe;O4 peaks are
present. It is clear that sol-gel samples follow the tetragonal pattern and co-precipitation ones have
the cubic structure. Additionally, we notice that there is a minimum difference in intensity
between sol-gel samples, whereas the CuFe;O4 intensity notably increases with temperature in
co-precipitation prepared powders. Figure 2.C confirms that the only sample that contains Fe;O3
is SG1 - which disappears at higher temperatures - while Figure 2.D verifies that all the samples
still contain a small amount of CuO at the end of the process. Additionally, the relative content of
CuFe;04 increases at the higher temperatures for both methods, as could be expected. In this
regard, we should comment that co-precipitation samples - which have a cubic structure - have a
higher amount of CuO impurities than those samples prepared by sol-gel.

Rietveld refinement has then been performed with the goal of obtaining quantitative information
about the chemical composition of each sample. In Figure 3 the refined profiles of those samples
prepared at 800 °C are shown, while Table 1 summarizes the values obtained for all the
synthesized samples.
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Figure 3. Rietveld refinement of the two samples prepared at 800 °C, (A) SG2 and (B) CP2. Circles represent the
measured data, meanwhile the continuous red line shows the calculated model. The difference between both values is
represented in the bottom plot.

Table 1. Rietveld refinement compositions obtained for the four samples. “T” refers to the tetragonal structure and
“C” to the cubic one. y? represents the quality of the adjustment.

Sample T - CuFe;04 (%) C - CuFe;04 (%) CuO (%) Fe,03 (%) 1
SG1 87.5 --- 5.7 6.8 3.06
SG2 96.1 --- 39 0.0 3.01
CP1 --- 88.3 11.7 0.0 1.37
CP2 --- 88.4 11.6 0.0 1.53

It is confirmed, by analysing the sol-gel samples, the presence of a small quantity of Fe,Os only
in the sample prepared at 800 °C. The purity raises up to 96.1% and the impurities reduce when
increasing the temperature. These results are in very good agreement with those reported in ** for
the same experimental conditions. Co-precipitation samples almost do not contain Fe,O3 and only
an excess of CuO is found. The amount of CuFe,04 increases with temperature as well, in good
agreement with the deductions done from Figure 2. Apart from the difference in crystal structure,
it should be noticed that the purity achieved by the sol-gel method is considerably higher than the
one obtained by co-precipitation.
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The Rietveld method has also been used to refine the crystal structure of each of the samples. The
results for the main phase (CuFe,O,) are listed in Table 2. By first analysing the tetragonal
samples we observe that the Rietveld refinement leads to a = b ~ 5.83 A, while the z-axis is
elongated to ¢ ~ 8.66 A for both cases. The c/a relationship changes from 1.49 to 1.48 when the
annealing temperature increases from 800 °C to 900 °C. These results are in very good agreement
with those previously reported by other authors '*1®3!. Additionally, if we do the v2 correction
on “a” and “b” to make the structure look pseudo-cubic '3, the c¢/a ratio changes to 1.05 for both
cases. Now, this ratio represents the distortion parameter, and the results agree with the one
theoretically expected (1.06) and with those experimentally reported elsewhere ***°. On the other
hand, the cell parameter for the cubic samples annealed at 800 °C and 900 °C are 8.430 A and
8.424 A, respectively. Obviously, here the ratio c/a = 1 as it corresponds to a non-distorted
structure. Although the unit cell parameters found in literature vary depending on the specific
synthesis’ thermal conditions used '>'7*'2 our results fit in the reported range of values.

Table 2. Structural parameters deduced from the Rietveld refinement for each of the samples. *c/a\2 ratio provided
only for tetragonal structures.

CuFe;0q4 Space %
Sample Structure oroup a (A) b (A) c(A) c/a\2
SG1 Tetragonal 14,/amd 5.830+£0.001 5.830+0.001 8.662 +£0.001 1.05
SG2 Tetragonal 14,/amd 5.832+0.001 5.832 +0.001 8.660 = 0.001 1.05
CP1 Cubic Fd-3m 8.430 £ 0.001 8.430 £0.001 8.430 £ 0.001 ---
CP2 Cubic Fd-3m 8.424 £ 0.001 8.424 £ 0.001 8.424 £ 0.001 ---

Recent articles studying the phase transition in sol-gel process 2*** have obtained a cubic
dominant structure just after the gel calcination, which tends to disappear later at higher
temperatures. With treatments in the range of 350 °C or 400 °C, the cubic-to-tetragonal phase
transition starts, and the tetragonal phase is completely dominant when the CuFe,O; is processed
at or above 800 °C. Furthermore, it has been also reported that traditional ceramic synthesis
working in similar temperature conditions also produce the tetragonal phase »*. In this article we
are working at 800 °C and 900 °C, so our results are in perfect accordance with these references.
Zhuravlev et al. ** suggested that the reason why in their sol-gel samples the cubic phase remained
stable after burning the gel was the fast cooling rate, which really was a quenching process and
stabilized the high temperature structure. Khemthong et al* have recently published an
interesting paper where they study the crystallization of the spinel structure during sol-gel
combustion by means of in situ X-ray absorption. They conclude that, in the case of sol-gel
process, the energy of the combustion may be enough to initiate the CuFe,O4 formation, and the
subsequently calcination helps to ensure the crystallinity and phase purity. These conclusions are
also in good agreement with Zhuravlev’s results.

On the other hand, some previous works *****” have already obtained the cubic phase by using
hydrothermal and thermal decomposition routes and applying both, lower and higher
temperatures compared with the transition one (427 °C). Furthermore, the cubic structure has
also been prepared by means of solid-state reaction under N, atmosphere **. However, there is not
a clear explanation of the reason why the cubic structure is stable at room temperature instead of
transforming to the tetragonal one.

Overall, in this work we are reporting an experimental evidence of the formation of the two phases
by means of the same annealing conditions, cooling rates, and atmosphere conditions. In order to
analyse the formation of each structure, one non-calcinated sample prepared by each method has
been analysed by temperature dependent XRD. The measurements have been done during both,
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heating and cooling processes, and between room temperature (28 °C) and 950 °C every 50 °C.
Figure 4 shows the obtained diffraction patterns during the heating of the sol-gel sample. It is
important to point out that, in the sol-gel sample, the gel has been burned before doing the
experiment. This experience, therefore, perfectly simulates the annealing of the sol-gel obtained
powder.
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Figure 4. Temperature dependent XRD patterns obtained during the heating process of one sample prepared by the
sol-gel method. Only some patterns are represented, and they have been intentionally displaced 1000 units in order to
facilitate their comparison. The different markers indicate the 20 positions of the main peaks of the present crystalline
phases.

First, it is possible to observe that the sample obtained after the gel burning process (28 °C) has a
low degree of crystallinity and shows a cubic structure, in good agreement with the results
obtained by Zhuravlev et al. ** and Khemthong et al. **. Moreover, smaller quantities of
monoclinic CuO and rhombohedral Fe,O3 are also present. The low crystallinity degree remains
until 600 °C, where the background decreases and the intensity of all phases abruptly increase.
Above this temperature, the chemical reaction starts as the cubic CuFe,Os4 peaks grow while those
corresponding to former oxides reduce until reaching the maximum temperature. At this point,
some small quantities of CuO are still present, as it commonly happens in high-temperature
methods *°. In order to get more precise information about this process, Figure 5 provides
magnified images of the different characteristic peaks for all the measured temperatures.
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Figure 5. Zoomed regions of the temperature dependent XRD measurements for the sol-gel sample during the heating
process. (A) and (B) contain the (311), (222) and (511) cubic CuFe204 peaks, (C) contains the (104) Fe2Os peak, and
(D) the (111) CuO peak.

It is possible to see, in Figure 5.A, that the (311) peak remains almost invariable until 500 °C, but
then starts to increase and shifts to lower 20 positions. This displacement is due to an increase of
the unit cell parameters at high temperatures. Moreover, an additional low-intensity (222) peak
appears at around 36.6°. The same happens in Figure 5.B, although in this case the doublet
corresponding to the Kq1 and Ky is better defined.

Figure 5.C represents the behaviour of the rhombohedral Fe,Os phase. It is evident how the (104)
peak intensity grows from 500 °C until reaching a maximum at 650 °C due to an improvement of
the crystallinity. Then, it decreases — due to the start of the chemical reaction to form the ferrite —
until completely disappearing at 900 °C. CuO has a similar behaviour: as it is appreciated in
Figure 5.D, the resolution of the (111) peak improves above ~ 500 °C, and also starts to reduce at
650 °C. The main difference is that, in the case of CuO, it is not completely consumed and there
is some remaining intensity at 950 °C.

The cubic phase is the dominant phase at high temperatures, as could be expected from literature.
However, the tetragonal phase is formed when cooling the sample back to room temperature, as
it can be appreciated in Figure 6.
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Figure 6. (311) cubic, and (103) and (211) tetragonal CuFe2O4 reflections of the temperature dependent XRD
measurements for the sol-gel sample during the cooling process. In (A) all the performed measurements are shown,
while, in (B) only those patterns close to the cubic-to-tetragonal transition are plotted.
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During the cooling process the cubic (311) peak shifts to higher 20 positions due to the cell
contraction. However, at approximately 350 °C the cubic peak suddenly reduces, and a doublet
appears, which corresponds to the tetragonal phase. The transformation is complete at 300 °C.
This transformation temperature range is close to the one expected for the cubic-to-tetragonal
transition according to the previously mentioned references.

The same experience, with the identical heating and cooling rates has been performed with a
powder samples obtained by co-precipitation.
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Figure 7. Temperature dependent XRD patterns obtained during the heating process of one sample prepared by the co-
precipitation method. Only some patterns are represented, and they have been intentionally displaced 1000 units in
order to facilitate their comparison. The different markers indicate the 20 positions of the main peaks of the present
crystalline phases.

In this case, it is observed a poor crystalline structure until 600 °C. The two peaks which are
detected in the low-temperature region correspond to CuO and Fe,Os3, indicating that the chemical
reaction has not yet started. The cubic phase starts to form at 600 °C and is completely formed at
800 °C, when the peaks corresponding to the former oxides are almost null. Furthermore, as it did
happen in the previous case, there is some CuO remaining at 950 °C. In order to have more
specific information about the cubic ferrite formation, Figure 8 shows some characteristic peaks
at higher magnifications at all the measured temperatures.

10
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Figure 8. Zoomed regions of the temperature dependent XRD measurements for the sol-gel sample during the heating
process. (A) and (B) contain the (311), (222) and (511) cubic CuFe204 peaks, (C) contains the (104) Fe2Os peak, and
(D) the (111) CuO peak.

In Figure 8.A and Figure 8.B it is possible to see that the cubic ferrite is not present before starting
the annealing process, and starts to be formed between 600 °C and 650 °C. This threshold
temperature defining the start of the cubic phase formation is in agreement with the one previously
observed with the sol-gel samples. In addition, the crystalline transition and ferrite formation can
be clearly detected in this figure. The Fe,O3 peak (Figure 8.C) remains shielded by the background
at low temperatures, but it suddenly appears at 500 °C when the crystallinity improves. Then, it
starts to reduce its intensity at 650 °C and is completely consumed at 800 °C. CuO follows the
same tendency except for the fact that it is not completely consumed, and the peak intensity is
still detected at 950 °C. The crystalline transition and ferrite formation temperatures observed in
Figure 8.D are in good agreement with those observed for the other two phases.

The cubic phase is stable at high temperatures, as could be expected. However, there is a main
difference compared with the sol-gel sample: here the cubic phase is continuously formed during
the heating process, while in the sol-gel case it was previously formed when burning the gel.

As has been seen with the standard XRD measurements presented in Figure 1, co-precipitation
method leads to the cubic phase at room temperature. Therefore, the high-temperature structure
remains stable when cooling back down, as can be appreciated in Figure 9. There, it can be seen
how the only variation is that the (311) peak shifts to higher 20 positions due to a reduction of
cell parameter during contraction.
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Figure 9. (311) CuFe204 peak of the temperature dependent XRD measurements for the co-precipitation sample during
the cooling process.

Finally, Figure 10 provides a more general comparison of the peaks corresponding to the different
phases at different moments of the annealing process. The existence of cubic CuFe,O4 before the
annealing process is evident in this image, while it is completely inexistent for the co-precipitation
process. However, an important fact that can be noticed from this figure is the difference in the
cubic CuFe,O4 peak at 950 °C. The cubic (311) peak in the sol-gel sample is slightly above 35.0°,
while it is below this value in the co-precipitation sample. This difference in the peak position
indicates a different unit cell parameter in each sample. Consequently, the cubic phase produced
by each method at 950 °C seems to have meaningful structural differences. This is an important
observation as it may explain the stability of the cubic and tetragonal phase when cooling down
for each method.
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Figure 10. Comparison of the main peaks of each phase, for both samples during the heating and cooling process. The
figures in the left column correspond to the samples prepared by sol-gel, while the right column shows the patterns of
the co-precipitation samples. (A) and (B) correspond to the cubic (311) and tetragonal (103) and (211) CuFe204
reflections, (C) and (D) correspond to the cubic (511) CuFe2O4 reflection, (E) and (F) correspond to the (104) Fe203
reflection, and (G) and (H) correspond to the (111) CuO reflection.

Although previous works justified the formation of each phase by means of the cooling rates in
the annealing process or the atmospheric conditions, our results demonstrate the formation of the
two different crystal structures under the same annealing conditions. The explanation of why the
cubic phase produced by co-precipitation is stable when cooling down the sample, but not the one
prepared by sol-gel is not a straightforward task. In contrast to previous publications, our results
suggest that the stability of one phase or the other is more related to the history of the sample than
to the annealing cooling rate. The evidenced structural differences in the cubic phase at 950 °C
between each method, as well as the formation of a premature cubic phase in the gel burning
process, suggest that the sol-gel method forms a metastable cubic phase that is unstable when
cooling down to room temperature after annealing. On the other hand, the cubic phase
continuously formed by the co-precipitation method is able to be arranged in a such stable
configuration that remains when the sample is cooled down. Considering that high temperature
treatments lead to structural and magnetic disorders and that a deficit of Cu®’ in the St has been
reported for the room-temperature cubic phase *°, it can be understood that the gel burning process
leads to a different cation distribution (i.e. inversion parameter) compared with the continuous
ferrite formation during the co-precipitation annealing. This different cation distribution,
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especially in the case of the Cu®" ion, has a direct influence on reducing the crystal symmetry by
the Jahn-Teller effect. Therefore, a difference on the system energy due to the different cations
distribution may explain the difference in stability between the two cubic phases when cooling
down. A deeper crystallographic analysis of these parameters could confirm this hypothesis.

In a recent paper, Nikoli¢ et al. *' proved that an increase on the Fe content favours the cubic
phase stabilization. They provide a deep discussion about the Fe*" incorporation on the CuO *
structure through the Cu®* release to form the CuFe,O4. Therefore, the oxygen release during the
cooling process affects to the cubic or tetragonal stabilization. These conclusions agree with our
explanation. Although all of our samples have been prepared with the same Fe**/Cu*" ratio
(contrary to the experimental procedure presented in *!), it is the gel burning process the one that
quenches a premature cubic phase with a non-equilibrium cation distribution. This is then the key
point, as it affects to the Cu®" sides occupancy (i.e. to the Jahn-Teller effect) and to the Fe content
on the CuFe,0; structure. Furthermore, notice that the CuO content (Table 1) is larger for the co-
precipitation samples than for the sol-gel ones (i.e. a larger Fe content for co-precipitation
samples), in good agreement with this argumentation.

The effect of the synthesis method on the particle size distribution is analysed by LD
measurements. Figure 11 shows the results for each sample.
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Figure 11. Particle size distribution of the four samples: (A) represented as a function of the percentage of particles,
and (B) as the percentage of volume that each diameter represents in the whole sample. (C) shows the fitting between
the gaussian and the experimental distributions, while (D) summarizes the mean size values obtained from the gaussian
fitting.

In both cases the number % distribution is under 100 nm, meaning that most of the synthesized
particles can be considered as nanoparticles. The small difference that can be found between
curves in Figure 11.A is not significant because the device resolution in this range is not sufficient.
The average particle size is of 94.0 £ 0.8 nm. On the other hand, Figure 11.B shows the percentage
of the volume of the sample that is occupied for each particle size. There, the first remarkable
aspect is the difference in particle size between those samples prepared by sol-gel and those
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prepared by co-precipitation: smaller sizes are achieved by the co-precipitation method, with a
difference of one order of magnitude when comparing the centre of their distributions. Moreover,
by comparing the two samples prepared by the same approach, it is possible to see how the
distributions are displaced to larger diameters in those specimens treated at higher temperatures,
especially in the sol-gel case. In order to extract quantitative information about the volume %
distributions, a gaussian distribution has been fitted to the experimental data (see Figure 11.C).
The mean particle size for each distribution (which are represented in Figure 11.D) clearly show,
following the trend previously commented, the dependence of the particle size with the synthesis
method and annealing temperature. These results are coherent with what could be expected from
a particle growth point of view.

There is another remarkable aspect in the volume % distribution: the existence of a smaller
population with some hundreds of nanometres in diameter. Considering that each order of
magnitude in diameter has 10* times less influence in the volume contribution, this population is
of immense importance and possibly corresponds to the nanometric population detected in Figure
11.A.

As it can be observed, the volumetric distributions shown in Figure 11.C are not regular and are
formed by the superposition of multiple distributions. We have used the Ulm and Constantinides
method “*® to deconvolute the individual gaussian distributions that lead to the general profile.
The deconvolution for each of the four samples is shown in Figure 12. In addition, a summary of
the obtained data is provided in Table 3.
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Figure 12. Deconvolution of the volumetric particle size distributions of the (A) SG1, (B) SG2, (C) CP1, and (D) CP2
samples.
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Table 3. Parameters obtained from the deconvolution of the volumetric particle size distributions.

Sample Mean size  Relative Sample Mean size Relative
(um) area (%) (um) area (%)
8.5 33.8 18 22.2
30 14.0 54 53.7
SG1 76 27.9 SG2 115 2.8
170 21.7 220 14.2
450 2.6 450 7.1
7.2 77.9 10.8 73.9
26 3.7 25.5 2.3
27 10.0 50 9.9
CP1 CP2
47 1.3 63 12.8
96 5.7 134 1.1
210 1.4

The first aspect that can be observed for the sol-gel samples is that the smaller distribution is
centred at ~8.5 um and ~18 um for the samples prepared at 800 °C and 900 °C, respectively.
Furthermore, this is the most popular distribution for the SG1 sample, while it moves to 54 um
for SG2. These two observations agree with the general tendency observed in Figure 11 and with
what could be thermodynamically expected. In addition, the distribution is wider for the sample
annealed at 800 °C than the one at 900 °C. On the other hand, the samples prepared by co-
precipitation mainly consist on one major distribution on the low-size range, and a set of
complementary smaller distributions with larger diameters. Again, we see that the main
distribution for the sample prepared at 800 °C is smaller than the one for the sample prepared at
900 °C. Finally, the main distribution values are smaller for the co-precipitation samples than for
the sol-gel ones.

SEM images shown in Figure 13 complements the size study of these particles and give
information about their shape and distribution.
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Figure 13. SEM images at x5000 magnification of (A) SG1, (B) SG2, (C) CP1, and (D) CP2 samples.

In all cases, it is possible to see how a large number of small particles aggregate forming
micrometic clusters. The diameter of the smaller fraction is similar in all samples and they are
under one micron in size. On the other hand, the aggregates are of some tens of microns in
diameter and they are qualitatively bigger for sol-gel samples than for co-precipitation ones. All
of these conclusions are in agreement with the results obtained by LD measurements.
Furthermore, it is worth to notice that nanometric particles are almost spherical shaped, whereas
the aggregates present random shapes. These random shapes can be one of the reasons why in
Figure 11.B the curves are formed by the superposition of multiple distributions: LD assumes
spherical particles, so the diffraction with non-uniform particles can generate the effect of having
multiple distributions. Moreover, the different sintering between nanoparticles also leads to the
formation of micrometric clusters of different sizes. The scale of the aggregates’ diameters
observed in these images agrees with the quantitative approximations shown in Figure 11.D.

Additionally, when looking at higher magnification (Figure 14) it is seen that there is a direct
bonding between particles, i.e. sintering has occurred during thermal processes. This effect has
been previously reported in other works 2***4"# which synthesize the same kind of materials by
the same methods. Thus, the nanometric distribution shown in Figure 11.A may represent the
individual small population, meanwhile the micrometric one in Figure 11.B may be representative
of the aggregates.
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Figure 14. SEM image of sample CP2 at x20000 magnification.

Finally, the magnetic properties of all these samples have been measured with a SQUID
magnetometer. The hysteresis cycle, M(H), has been measured at 300 K. Notice that only the first
magnetization curve and the demagnetization from the positive to the negative saturations are
shown in Figure 15, as the hysteresis has a symmetric behaviour.
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Figure 15. Hysteresis cycle at 300 K of all the prepared samples. Inner plot is a zoom of the area close to the zero field.

It is clear, from Figure 15, that the materials prepared by each chemical method (i.e. each crystal
structure) have a different magnetic behaviour. First, the saturation magnetization (Ms) is greater
in cubic samples compared with the tetragonal ones. This behaviour is in good agreement with
previous works *** which state that this higher saturation magnetization of the cubic phase
compared to the tetragonal one is an indication of the migration of Cu®" ions to St during the
symmetry distortion. As CuFe,Os magnetization follows the Néel model, an increased presence
of Cu*" in St leads to an increase in magnetization **. The obtained values are considerably larger
than those reported for CuFe,O4 prepared by similar methods 2****°, especially in the case of the
cubic structure. The hysteresis amplitude, which is directly related to the energy needed for
sweeping the magnetic moment between both states, is also completely different between
structures. In this regard, cubic samples present a softer behaviour compared with the tetragonal
ones because of their lower remnant magnetization (Mr) and coercive field (Hc). In Table 4, the
specific values for each property are specified.

Table 4. Magnetic properties of the four prepared samples.

Sample (#) Ms (emu/g) Mg (emu/g) |[Hc| (Oe)
SG1 27.4 12.6 526.6
SG2 30.8 13.9 513.6
CP1 43.5 4.8 70.8
CP2 43.6 2.1 24.4
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4. CONCLUSIONS

CuFe;04 nanoparticles have been successfully synthetized by two different wet chemical
methods: sol-gel and co-precipitation. The experimental process has been described in detail in
both cases.

Although the reactants and synthesis conditions used in both methods are the same, sol-gel
approach produces tetragonal CuFe,O4 meanwhile co-precipitation forms the cubic form of the
same material. This is a key conclusion as the existing literature justifies that the formation of one
or the other structure is due to a difference on the experimental thermal conditions. Traces of CuO
are still present in all the samples (especially in those prepared by co-precipitation) meanwhile
Fe,Os is only present in the sol-gel sample prepared at 800 °C. The XRD profile fitting by Rietveld
refinement reveals that the purity of CuFe,O4 increases with temperature for both methods.
Purities up to a 96 % and 88 % are achieved, respectively, by the sol-gel and co-precipitation
methods.

The formation and stability of each crystal structure have been observed by means of temperature
dependent XRD measurements. From these measurements it has been proved that, in the sol-gel
method, the gel burning process produces a metastable cubic CuFe,O4 phase, which transforms
to the tetragonal one after a high-temperature annealing. On the other hand, the co-precipitation
cubic phase is continuously formed from 600 °C and remains stable after the annealing process.
The structural differences found between the two cubic structures at 950 °C may explain their
difference in stability. We propose that the initial gel burning process acts as a quenching process
that leads to a metastable cubic phase, whose stability is lower when cooling down. According to
the Jahn-Taller principles, we believe that this is due to a different cation distribution (i.e. different
spinel inversion parameter) that leads to a different system energy. Furthermore, the clear
differences in magnetization between both structures supports this idea. However, a more detailed
crystallographic study should be done in order to corroborate this hypothesis.

LD particle size analysis has shown that most of the particles have a diameter close to 94 nm,
although there are also present micrometre-sized bodies in the samples. SEM microscopy has
confirmed the formation of the nanoparticles, and moreover it has proved that the micrometric
bodies really consist on sintered nanoparticles. Furthermore, the deconvolution of each of the LD
distributions has demonstrated that the size of the sintered bodies clearly depends on the synthesis
route and thermal conditions. These results are in excellent agreement with the SEM observations.

The novelty in this work comes from the experimental evidence in the preparation of the
tetragonal and cubic CuFe,Os structures by two fast and simple techniques by using exactly the
same reagents and temperature conditions. Therefore, the capacity for synthetizing CuFe;O4 via
sol-gel or co-precipitation becomes of great importance due to the great technological opportunity
it offers to tune the nanoparticles, as the magnetic results show.
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703  CuFe,0O4 magnetic nanoparticles are synthetized under the same thermal conditions by sol-gel and
704  co-precipitation methods, forming respectively the tetragonal and cubic structures. We analyse
705  the chemical, structural, morphological and magnetic differences between the two products.
706  Furthermore, this work provides a deep analysis on the formation of these crystal structures as a
707  function of the synthesis route. The results suggest that their stability is determined by the specific
708  cation distribution generated in the preliminary synthesis steps.
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